Excitonic optical transitions characterized by Raman excitation profiles in single-walled carbon nanotubes by Tran, H.N. et al.
PHYSICAL REVIEW B 94, 075430 (2016)
Excitonic optical transitions characterized by Raman excitation profiles
in single-walled carbon nanotubes
H. N. Tran,1 J.-C. Blancon,2 J.-R. Huntzinger,1 R. Arenal,3,4 V. N. Popov,5 A. A. Zahab,1 A. Ayari,2 A. San-Miguel,2
F. Valle´e,2 N. Del Fatti,2 J.-L. Sauvajol,1 and M. Paillet1
1Laboratoire Charles Coulomb (UMR5221), CNRS–Universite´ de Montpellier, F-34095 Montpellier, France
2Institut Lumie`re Matie`re (UMR5306), CNRS–Universite´ Lyon 1, Universite´ de Lyon, F-69622 Villeurbanne, France
3Laboratorio de Microscopı´-as Avanzadas, Instituto de Nanociencia de Arago´n, Universidad de Zaragoza,
50018 Zaragoza, Spain
4ARAID Foundation, 50018 Zaragoza, Spain
5Faculty of Physics, University of Sofia, BG-1164 Sofia, Bulgaria
(Received 19 May 2016; published 22 August 2016)
We examine the excitonic nature of the E33 optical transition of the individual free-standing index-identified
(23,7) single-walled carbon nanotube by means of the measurements of its radial-breathing-mode and G-mode
Raman excitation profiles. We confirm that it is impossible to determine unambiguously the nature of its E33
optical transition (excitonic vs band to band) based only on the excitation profiles. Nevertheless, by combining
Raman scattering, Rayleigh scattering, and optical absorption measurements on strictly the same individual
(23,7) single-walled carbon nanotube, we show that the absorption, Rayleigh spectra, and Raman excitation
profiles of the longitudinal and transverse G modes are best fitted by considering the nature of the E33 transition
as excitonic. The fit of the three sets of data gives close values of the transition energy E33 and damping parameter
33. This comparison shows that the fit of the Raman excitation profiles provides with good accuracy the energy
and damping parameter of the excitonic optical transitions in single-walled carbon nanotubes.
DOI: 10.1103/PhysRevB.94.075430
I. INTRODUCTION
Single-walled carbon nanotubes (SWNTs) represent one
of the best-known one-dimensional (1D) materials for the
study of exciton photophysics. For a long time, excitonic
effects have been identified as playing a central role in
defining the optical properties of SWNTs (for a review,
see Ref. [1] and references therein). It has been argued
theoretically that the optical transition energy of a SWNT
can be written as the sum of a one-particle energy term and
a many-body one, which in turn is decomposed into self-
energy, due to electron-electron interactions, and an exciton
binding energy [2–6]. These predictions have been validated
by means of various experiments, including two-photon
absorption [7,8], photoluminescence excitation experiments
on semiconducting SWNTs (S-SWNT) [9], absorption exper-
iments on S-SWNTs and on metallic SWNTs (M-SWNT)
[10–12], Rayleigh scattering experiments [13–15], scanning
tunneling spectroscopy [16], and, recently, ultrafast terahertz
spectroscopy [17].
Raman spectroscopy experiments, performed on isolated
individual free-standing index-identified (n,m) SWNTs, give
valuable information about the intrinsic features of the totally
symmetric modes: the radial breathing modes (RBMs) and
tangential modes (so-called G modes) [18–21]. Additionally,
the measurements of the evolution of the Raman intensity
as a function of the excitation energy, the so-called Raman
excitation profiles (REPs), of the RBM and the G modes,
with laser light polarization along the nanotube axis, allow
for the determination of the main characteristics of the
optical transitions, namely, the transition energies Eii and the
corresponding damping parameters ii (ii = 11,22,33, . . . )
arising from electronic excitation relaxation processes. As
a reminder, the Eii transition energies are named after the
corresponding one-particle terms associated with the dipolar-
allowed transitions between van Hove electron density of states
peaks. In principle, the comparison of the experimental REPs
of these modes with the theoretical ones could give insight into
the nature of the optical transitions, band to band or excitonic,
because the theoretical REPs have different shapes in both
cases (see Ref. [22] and references therein). Nevertheless, it is
usually possible to achieve reasonable fits of the experimental
REPs with both theoretical expressions with Eii and ii as
free parameters [22]. Therefore, it is impossible to determine
unambiguously the nature of the optical transitions based only
on the analysis of the experimental REPs.
In this paper, we combine optical absorption, Rayleigh
scattering, and Raman scattering studies on the same individual
free-standing index-identified (23,7) SWNT with a diameter
of 2.13 nm. Especially, we discuss the REPs of the RBMs
and the G modes measured on this individual SWNT. This
has been achieved by employing more than 30 laser excitation
lines in the range EL = 1.55–2.0 eV, i.e., around the (23,7)
E33 transition. By considering the nature of the transition as
excitonic, we are able to fit, in a consistent way, the absorption
and Rayleigh spectra as well as the Raman excitation profiles
of the longitudinal (LO) and transverse (TO) G modes of
the (23,7) SWNT. The fit of the three sets of independent
data gives close values of the transition energy E33 and
damping parameter 33. This comparison demonstrates that,
with the excitonic nature of the transition being determined
independently by absorption or Rayleigh spectroscopy, the fit
of the Raman excitation profile is able to provide, with good
accuracy, the energy and damping parameter of the optical
transition.
The experimental information is described in Sec. II. The
results are presented and discussed in Sec. III.
2469-9950/2016/94(7)/075430(6) 075430-1 ©2016 American Physical Society
H. N. TRAN et al. PHYSICAL REVIEW B 94, 075430 (2016)
II. SAMPLE AND EXPERIMENTAL METHODS
Ultralong individual single-walled nanotubes were grown
using the catalytic chemical vapor deposition (CCVD) method
directly on homemade slits fabricated by wet etching of a
SixNy/Si wafer (for details, see Ref. [23]). High-resolution
transmission electronic microscopy (HRTEM) images and
electron diffraction (ED) patterns were recorded by a FEI Titan
microscope operating at 80 kV and within short acquisition
times (less than 5 s for ED) to reduce damage induced by
electron diffraction [24]. Direct measurements of the absolute
absorption cross-section spectra of freely suspended individual
SWNTs were assessed via a spatial modulation spectroscopy
technique (for details, see Refs. [12,25]). The resonant Raman
scattering measurements were performed with a homemade
setup, including an iHR-550 Horiba spectrometer equipped
with a liquid-nitrogen-cooled silicon CCD detector, with a
wide variety of laser excitation wavelengths using Ar+, Kr+,
and He-Ne lasers and tunable Ti:sapphire and dye lasers
filtered using tunable laser line filters [26]. The scattered
light was collected through a 100× objective (numerical
aperture of 0.95) using a backscattering configuration. The
laser power impinging the sample was kept below 100 μW.
In these conditions, with a laser spot FWHM of about
500 nm, heating effects are avoided. In all the measurements,
both incident and scattered light polarizations are along the
nanotube axis. The REPs of the RBMs and the G modes
have been measured in the 1.55 to 2.0 eV excitation range.
To obtain the REP, the experimental intensity of each mode
measured at a specific excitation energy was corrected by
the total transmission of our optical system and normalized
by the intensity of the 521 cm−1 line of silicon which was
taken as a reference sample. We further checked that, in the
studied laser energy range, the silicon sample intensity exhibits
a dependency similar to CaF2, diamond, or graphite. Rayleigh
spectra of individual free-standing SWNTs were measured in
a backscattering geometry using a cross-polarization scheme
[27] with a Fianium supercontinuum laser as a light source and
a fiber-fitted QE-Pro Ocean Optics spectrometer for detection.
III. RESULTS AND DISCUSSION
An individual free-standing SWNT, suspended across a trench
[see the image of this tube in Fig. 1(a), inset], has been unam-
biguously index identified as (23,7) by electronic diffraction
[Fig. 1(a), left half of the figure]. The simulated electron
diffraction pattern of this SWNT is shown in the right half
of Fig. 1(a).
The absorption spectrum of the (23,7) SWNT, measured
in the 1.4 to 2.4 eV range, is displayed in Fig. 1(b). Two
transitions are identified: E33 at 1.66 eV and E44 at 2.21 eV
[12].
Raman experiments have been performed in the excitation
range EL = 1.55–2.0 eV. In this range, only the E33 transition
is present [see Fig. 1(b)].
The E44 transition, located at 2.21 eV, is far from the
outgoing resonance of the E33 transition, i.e., far from
E33 + EG with E33 = 1.66 eV and EG ≈ 0.2 eV, where EG
is the average energy of the G modes. Consequently, no
quantum interference effect between different transitions can
contribute to the Raman intensity [22,28,29]. In this case,
and as expected, the RBM does not appear in the Raman
spectrum excited at EL = 1.85 eV, which is far from the
E33 transition. Conversely, a strong RBM is observed in
the Raman spectrum excited at EL = 1.66 eV [Fig. 1(c)]. The
G-mode regions of the Raman spectra excited at 1.66 eV
(1.85 eV) correspond to incoming (outgoing) resonance,
i.e., EL ≈ E33 [EL ≈ E33 + EG; Fig. 1(c)]. The narrow and
symmetric line shape of the LO mode (1591 cm−1) and TO
mode (1576.5 cm−1) agrees with the chiral semiconducting
nature of the (23,7) SWNT [18].
The experimental REPs of the RBM, LO, and TO G
modes are displayed in Fig. 2 (circles). Up to now, REPs
of RBM of individual SWNTs have been obtained from
non-index-identified SWNTs deposited on a substrate [30]
and from samples containing several SWNT species [31,32],
and the REPs of G modes were measured only recently
after it became possible to produce samples containing
enriched species of specific SWNTs [29,33,34]. These results
emphasize the importance of the availability of pure-chirality
samples, such as isolated individual index-identified SWNTs,
for enabling the study of previously inaccessible behaviors
in carbon nanotubes. The incoming and outgoing resonances
are not resolved in the REP of the RBM (Fig. 2, top). By
contrast, for LO and TO G modes the two incoming and
outgoing resonances are well separated (Fig. 2, middle and
bottom). In addition, it must be emphasized that the intensity
of the incoming and outgoing resonances of the REPs of the
G modes of this specific (23,7) SWNT are close to each
other. However, a significant asymmetry of the incoming and
outgoing resonances has been found for other chiralities [33].
Usually, the intensity of the Raman active modes of a
SWNT is calculated within a third-order quantum perturbation
theory. Depending on the nature of the optical transition,
simplified expressions were established to describe the de-
pendence of the Raman intensity on the laser excitation (see
Ref. [22] and references therein).
For a band-to-band transition, assuming a parabolic shape
of the valence and conduction bands, the following simplified
expression of the Raman intensity has been derived [22,35]:
I
(bb)
REP(EL) ∝
∣∣∣∣∣
∑
i
Mii√
EL − Eii + j ii
− Mii√
EL − Eii − Eph + j ii
∣∣∣∣∣
2
, (1)
where Eph is the energy of the Raman active mode and j is
the imaginary unit. Previously, this expression has been used
to derive the electron-phonon coupling matrix elements of the
RBM [36] and the G modes [37] in SWNTs from their REPs.
For an excitonic transition, a simplified expression of the
Raman intensity takes the following form [22]:
I
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∝
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FIG. 1. (a) HRTEM (inset) and electron diffraction (ED) pattern of the (23,7) SWNT, experimental ED pattern (left) and simulated ED
pattern (right). (b) Absorption spectrum of the (23,7) SWNT in the 1.4–2.4 eV range; the horizontal double arrow indicates the excitation
energy range used in the Raman experiments. (c) RBM and G-mode ranges of the Raman spectra of the (23,7) SWNT excited at 1.85 eV (top)
and 1.66 eV (bottom). Each spectrum is normalized on the intensity of the LO G mode. The vertical offset of the spectra is for clarity. Dots are
experimental data; brown and red solid lines show the fit of the spectra recorded at 1.85 and 1.66 eV, respectively; black dotted (dashed) line is
the result of the fit of the LO (TO) G mode by a Lorentzian.
In the denominators of the preceding expressions, the first
(second) term describes the incoming (outgoing) resonance.
For simplification, Mii condenses the electron-phonon and
electron-photon matrix elements involved in the resonance
with the Eii transition. It should be noted that both expressions
predict the same intensity for the incoming and outgoing
resonances. For the (23,7) SWNT, both expressions are good
candidates for modeling the REP since the experimental
incoming- and outgoing-resonance intensities of the G modes
are close indeed. Thus, expressions (1) and (2) are used in the
following for the analysis of the experimental REPs.
The REPs of the RBM, LO, and TO G modes are fitted
simultaneously by considering M33,E33, and 33 as free
parameters, with the constraint that E33 and 33 have the
same values for the three modes. In Fig. 2, the blue solid
line (red dotted line) is the fit of the experimental REPs when
considering the E33 transition to be excitonic (band to band).
Because expression (1) gives a simplified description of the
band-to-band transition, in Fig. 2 (green dashed line), we also
provide a full calculation of the Raman intensity for this case
performed within third-order quantum perturbation theory (for
details, see Ref. [38]). We note that, in the latter calculation,
33 is fixed at the value of 16 meV determined from the
fit in the simplified band-to-band model, and the calculated
REPs are scaled and rigidly shifted in energy to match the
experimental transitions. The calculated line shape of the REP
is close to that obtained using the simplified expression (1) for
the RBM and the LO mode. In the case of the LO mode, the
full calculation predicts close intensity for the incoming and
outgoing resonances. This agreement justifies, a posteriori, the
use of a simplified expression for the fit of the REPs. However,
the full calculation of the TO mode predicts a weak asymmetry
of the incoming and outgoing resonances which is not seen in
the experimental REPs.
We observe that, although the quality of the fit of the REPs
is slightly better in the excitonic picture (the coefficient of
determination R2 is 0.95) than for the band-to-band transition
model (R2 = 0.89; Fig. 2, blue solid line and red dotted line),
this is not enough to determine unambiguously the nature
of the transition from solely the knowledge of the REPs. A
detailed analysis of the results of the fits provides the following
conclusions: (i) independent of the nature of the transition, the
fitted value of E33 is 1.664 ± 0.005 eV. (ii) By contrast, the
fitted 33 are strongly dependent on the nature of the transition:
33 = 27 ± 1 meV in the excitonic model, and 33 = 16 ±
1 meV in the band-to-band model (Table I). The lower 33 in
the band-to-band model than in the excitonic approach is due
to the broader tails of the band-to-band profile.
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FIG. 2. REPs of the RBM (top), LO G mode (middle), and TO
G mode (bottom). Circles are experimental data, with the red dotted
line being the best fit for the band-to-band model [expression (1)]
and the blue solid line being the best fit for the excitonic model
[expression (2)]. M33,E33, and 33 are free parameters in the fit (see
text). The three REPs were simultaneously fitted in each model. The
full calculation of the REP within the band-to-band model is given
for comparison (green dashed line).
Rayleigh scattering spectroscopy is known as a powerful
technique for studying the optical transitions in SWNTs
[13–15]. The Rayleigh scattering spectrum measured around
the E33 transition of the (23,7) SWNT is displayed in Fig. 3(a)
(circles). The fitting of the spectrum is performed following
closely the procedure of Ref. [14]. The Rayleigh scattering
spectrum is fitted with E3|χ (E)|2, where χ (E) is the nanotube
dielectric susceptibility.
In the excitonic model, close to the E33 transition, the
susceptibility is approximated by
χ (E) ∝ 1
E33 − E − j 33 . (3)
TABLE I. Values of E33 and 33 derived from the fit of the Raman
resonant profiles and Rayleigh and absorption spectra. The coefficient
of determination of each fit R2 is given.
Raman Rayleigh Absorption
Excitonic model
E33 (eV) 1.664 ± 0.005 1.659 ± 0.005 1.664 ± 0.005
33 (meV) 27 ± 1 30 ± 2 26 ± 2
R2 0.95 0.97 0.99
Band-to-band model
E33 (eV) 1.664 ± 0.005 1.656 ± 0.005 1.644 ± 0.010
33 (meV) 16 ± 1 15 ± 2 13 ± 3
R2 0.89 0.94 0.77
FIG. 3. (a) Rayleigh spectrum in the 1.45–1.8 eV range. Circles
are the experimental data. The blue solid line is the fit of the E33
peak in the excitonic model; the red dotted line is the best fit of
the experimental data in the simplified band-to-band approach. The
Rayleigh spectrum obtained by full calculation in the band-to-band
model, using a fixed damping parameter of 16 meV and after scaling
and shifting the spectrum, is given for comparison (green dashed
line). (b) Absorption spectrum of the (23,7) SWNT in the 1.45–1.8 eV
range; the symbols are the same as in (a).
In the band-to-band model, the imaginary part of the suscep-
tibility is [14]
χ ′′(E) =
(
Ep
E
)2√η +√1 + η2√
1 + η2
, (4)
where η = (E − E33)/33 and Ep = ωp (ωp is the plasma
frequency).
As in Ref. [14], the real part of the susceptibility is then
obtained using the Kramers-Kronig transform. The quality of
the fit of the experimental data is better with the excitonic
model [R2 = 0.97; Fig. 3(a), blue solid line] than with the
simplified band-to-band model [R2 = 0.94; Fig. 3(a), red
dotted line]. As shown in previous studies [14], this could be
sufficient to identify the nature of the E33 as excitonic. Indeed,
contrary to REP, the full Rayleigh spectrum is recorded in one
single experiment which lowers the experimental error.
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The values derived in the excitonic model, E33 = 1.659 ±
0.005 eV and 33 = 30 ± 2 meV, are in agreement with those
found with the fit of the REPs. It should be noted that the
fit of the E33 Rayleigh peak within the band-to-band model
provides a value of the damping parameter 33 close to 15 ±
2 meV, which is two times smaller than the one found using
the excitonic model [see Fig. 3(a), dotted line]. This value of
33 agrees with the one derived from the fit of the REPs using
the same band-to-band approach (Table I).
The Rayleigh spectrum obtained with the full calculation in
the band-to-band model is shown for comparison in Fig. 3(a)
(green dashed line). In this case, 33 is fixed at 16 meV, and
the intensity is scaled and rigidly shifted in energy to match
the experimental E33 transition. Under these assumptions,
the simplified and the full band-to-band models give close
Rayleigh spectra.
The E33 region of the absorption spectrum of the (23,7)
SWNT is displayed in Fig. 3(b) (circles). The experimental
absorption data are fitted using the imaginary part of the same
susceptibilities as for Rayleigh scattering, namely, Eq. (3) for
the excitonic model and Eq. (4) for the band-to-band model.
The Gaussian spectral profile of the laser used in the absorption
experiments, with a half width at half maximum of 7 meV, has
been taken into account through convolution of Imχ (E) by a
Gaussian.
The E33 absorption peak is excellently reproduced by
the excitonic model (R2 = 0.99) [12]. The fitted transition
energy is E33 = 1.664 ± 0.005 eV, and the value of the
damping parameter is 33 = 26 ± 2 meV. However, the fit
of the E33 absorption peak in the simplified band-to-band
model clearly fails, with R2 = 0.77,E33 = 1.644 ± 0.010 eV,
and 33 = 13 ± 3 meV [Figure 3(b), red dotted line, and
Table I]. Figure 3(b) also shows the calculated profile of the
E33 absorption peak in the full band-to-band model (green
dashed line). The latter is obtained, like before, with 33
fixed at 16 meV and scaling and shifting the spectrum.
The simplified and the full band-to-band profiles are very
close. In addition, for absorption as well as for Rayleigh
scattering, we also checked that the fits of both spectra
undergo only minute changes when a complete derivation of
the band-to-band susceptibility is performed based on Kim
et al.’s work in the three-dimensional semiconductor case
[39] with Lorentzian broadening (not shown). Investigating
whether Gaussian broadening [39] is relevant in the case of
nanotubes is beyond the scope of this paper. In conclusion, the
absorption data unambiguously support the excitonic nature
of the E33 transition of the (23,7) SWNT [12].
On the basis of the analysis of all these experimental data
obtained for the same individual (23,7) SWNT, we find that
the absorption, Rayleigh, and Raman experimental data are
best fitted by considering the E33 transition as excitonic. The
values of E33 and 33 derived from the fit of the three sets of
data are in very close agreement (Table I).
IV. CONCLUSION
The impossibility to determine unambiguously the nature
of the E33 transition of the (23,7) SWNT, namely, excitonic
or band to band, based only on the experimental resonance
excitation profiles is confirmed [22]. Conversely, with the
excitonic nature of the optical transition being well established
by absorption or Rayleigh spectroscopy, we demonstrate that
the fit of the REPs using the excitonic model provides a
good evaluation of the transition energy Eii and damping
parameter ii of the optical transitions in SWNTs. In summary,
combining absorption, Rayleigh, and Raman spectroscopy on
the same individual index-identified SWNT appears to be an
efficient method to determine unambiguously the intrinsic
features of its optical transitions. The same approach could
be used to determine the nature and the features of the optical
transitions of individual index-identified double-wall carbon
nanotubes.
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